1. Introduction {#sec1}
===============

Fibrotic disease refers to a group of clinical entities including chronic kidney disease, liver cirrhosis, idiopathic pulmonary fibrosis, and chronic heart failure, featured by chronic inflammatory diseases \[[@B1], [@B2]\]. As an important pathological feature, fibrosis is also present in many autoimmune diseases such as scleroderma, Crohn\'s disease, and systemic lupus erythematosus and affects the long-term survival of the graft as well as tumor metastasis patients \[[@B3]\]. In essence, fibrosis is a dysregulated wound healing process. It involves multiple cellular events such as the recruitment of inflammatory cells, the release of profibrotic cytokines, and the activation of collagen-producing cells including fibroblast, epithelial cells, and bone marrow stromal cells \[[@B4]\]. If highly progressive, fibrosis will eventually lead to the formation of permanent scars, irreversible organ dysfunction, and even death. In developed countries, fibrotic diseases account for nearly 45% morbidity and mortality \[[@B5]\]. Unfortunately, there are few effective therapies in most organ fibrosis, and the validated antifibrotic agents are even fewer. To date, the inhibitors of renin-angiotensin-aldosterone system (RAAS) are the primary medications for renal fibrosis and myocardial remodeling, but the application of these drugs is limited when serum creatinine rises above 3.5 mg/dL \[[@B6], [@B7]\]. Numerous novel therapeutic targets for fibrosis have been proposed, but monotarget therapy or simple combined treatment seems ineffective \[[@B8]\]. Since fibrosis is a disorder associated with multiple molecules and processes, small molecules interacting with several molecular targets of the fibrosis cascade would be promising for the treatment of fibrotic diseases.

Hydrogen sulfide (H~2~S) is the third gaseous transmitter secondary to nitric oxide (NO) and carbon monoxide \[[@B9]\]. For many decades, it was recognized as a poisonous gas because of its ability to inhibit cytochrome c oxidase in a similar manner to hydrogen cyanide. Recently, a lot of independent work demonstrates that H~2~S can be endogenously produced by cystathionine-*β*-synthase (CBS), cystathionine-*γ*-lyase (CSE), and 3-mercaptopyruvate sulphurtransferase (3-MST) in mammal organs and exerts important physiological and pathological effects. For instance, H~2~S is able to regulate vascular tone, inflammation, oxidative stress, cardiac contractility, nociception, insulin secretion, and resistance, and so forth. These have been intensively and extensively discussed and reviewed elsewhere \[[@B10]\]. Recently, it is interesting to find that plasma H~2~S level is decreased in many animal models of fibrotic diseases and the supplement of exogenous H~2~S partially reverses fibrosis in the fibrotic organs \[[@B11]--[@B13]\]. In this review, we summarize the recent evidence of the antifibrotic effect of H~2~S in various types of organs and discuss its underlying antifibrotic mechanisms, with the emphasis on its anti-inflammatory and antioxidative effects on fibrogenesis. Finally, we discuss the current obstacles for the application of H~2~S in the treatment of organ fibrosis.

2. Protective Effect of H~2~S against Fibrotic Diseases {#sec2}
=======================================================

2.1. H~2~S and Chronic Kidney Disease {#sec2.1}
-------------------------------------

Tubulointerstitial fibrosis is the final common pathway of chronic kidney disease (CKD) regardless of the initial injuries \[[@B14]\]. Pathologically, renal fibrosis is featured by the deposition of collagen I, collagen III, and collagen IV, the accumulation of myofibroblasts and extracellular matrix proteins, and the infiltration of inflammatory cells. Three H~2~S-producing enzymes, CBS, CSE, and 3-MST, have been found in various parts of the kidney and produce H~2~S in a synergistic way \[[@B15]\]. Recently, we and other researchers consistently demonstrated that CBS is the predominant H~2~S-generating enzyme located in proximal renal tubules, while CSE is sporadically expressed in glomeruli, renal arterioles, and interstitium \[[@B13], [@B16]\].

H~2~S plays physiological roles in maintaining normal function of kidney. For instance, H~2~S acts as an oxygen sensor monitoring the oxygen contents of the renal medulla and regulating the regional blood flow in renal cortex \[[@B17]\]. It also increases the glomerular filtration rate and exhibits diuretic property by excreting sodium and kalium ion into the urine \[[@B15]\].

Accumulating evidence suggests that H~2~S may inhibit fibrosis in CKD. The plasma H~2~S level has been found reduced in 5/6 nephrectomy rats and uremia patients \[[@B18], [@B19]\]. Moreover, in heterozygous *cbs* ^+/−^ mice with unilateral nephrectomy, a CKD model featured by proteinuria, the expressions of collagen and matrix metalloproteinase-2 and metalloproteinase-9 were markedly enhanced \[[@B20]\]. We recently found that, at a relatively lower dosage, H~2~S donor NaHS alleviated renal fibrosis in rats with unilateral urethral obstruction (UUO) \[[@B13]\]. Since UUO model is featured with progressive tubulointerstitial fibrosis without confounding causative factors such as proteinuria, hypertension, and uremia toxin, our study indicates a direct link between H~2~S and renal fibrosis. Moreover, CBS-derived H~2~S may be relevant in maintaining homeostasis in the kidney under normal conditions and may be suppressed under pathological conditions, because the amount of CBS protein level in proximal tubules was considerably and immediately reduced after UUO injury, while CSE expression in the renal interstitium was compensatorily enhanced and CSE inhibitor DL-propargylglycine (PAG) aggravated renal fibrosis \[[@B13]\]. This finding is consistent with a previous study, in which CBS reduction was earlier than the increase of CSE (6 h versus 24 h) after renal ischemic reperfusion \[[@B21]\]. Therefore, current data suggest that targeting CBS rather than CSE may be more promising in modulating endogenous H~2~S generation for the treatment of kidney fibrosis, particularly in the early period of renal fibrosis.

Another noteworthy effect of H~2~S on renal fibrosis is its inhibition on RAAS. The kidney contains all the components of RAAS. Angiotensin II is a potent profibrotic factor, which can stimulate collagen synthesis through the TGF-*β*1 \[[@B22]\] dependent and independent signaling pathway \[[@B23]\]. H~2~S can not only lower the serum angiotensin II level in renovascular hypertension animal model by downregulating the cellular cAMP production \[[@B24]\], but also counteract the hypertension, proteinuria, and renal damage induced by angiotensin II \[[@B25]\]. Recent data suggest that renin is also implicated in the progression of renal fibrosis and direct rennin inhibition with Aliskiren attenuating inflammation and fibrosis induced by UUO \[[@B26]\]. It has been found that H~2~S is able to inhibit the activity of angiotensin-converting enzyme (ACE) in human endothelial cells although the ACE mRNA expression is not altered \[[@B27]\]. Moreover, endogenous H~2~S can suppress the release of renin in As4.1 and renin-rich renal cells \[[@B28]\]. Taken together, all the data indicate that H~2~S may represent a novel venue for drug development to treat renal fibrosis, particularly when serum creatinine is beyond 3.5 mg/dL and the application of RAAS inhibitors is limited.

2.2. H~2~S and Hepatic Fibrosis {#sec2.2}
-------------------------------

The liver is an important organ to maintain the plasma H~2~S homeostasis by regulating its production and elimination. Hepatic H~2~S production is mainly determined by CBS and CSE, both of which are rich in the liver. On the other hand, H~2~S is mainly eliminated in the liver via oxidation \[[@B29]\]. Similar to the kidney, CBS is more important in maintaining the normal liver function compared with CSE and 3-MST during physiological conditions \[[@B30]\].

The primary functions of H~2~S in the liver are associated with the regulations of lipid and glucose metabolism. H~2~S is critical for maintaining the normal lipid profile. The serum triglyceride and fatty acid levels were increased in*cbs* deficient mice \[[@B31]\], while high fat diet to*cbs* deficient mice enhanced serum total cholesterol and low density lipoprotein (LDL) cholesterol levels but decreased high density lipoprotein (HDL) cholesterol \[[@B32]\]. In addition, NaHS inhibited the insulin-stimulated absorption of glucose and decreased the glycogen content in HepG2 cells, indicating its beneficial effect on insulin resistance and diabetes \[[@B33]\].

Recent data also demonstrated that H~2~S may be implicated in hepatic fibrosis. Liver cirrhosis is associated with reduced serum H~2~S level. Tan et al. reported that NaHS (10 *μ*mol/kg, i.p.) significantly ameliorated liver fibrosis and portal hypertension induced by tetrachloride, while PAG (30 mg/kg, i.p.) resulted in converse effects \[[@B12]\]. Fan et al. also found that NaHS (500 *μ*M) inhibited hepatic stellate (HSC-T6) cell proliferation caused by ferric nitrilotriacetate \[[@B34]\]. However, the antifibrotic action of H~2~S on liver fibrosis may be of limited clinical relevance, because the primary causes of hepatic fibrosis are viral hepatitis and nonalcoholic fatty liver disease, not chemical intoxication. Moreover, inconsistent evidence stems from*cbs*genetic mutant mice. A study demonstrated that 3--8-week-old*cbs* deficient mice exhibited no signs of liver fibrosis \[[@B35]\], while another study revealed that the liver fibrosis was evident in 8--32-week*cbs* deficientmice \[[@B36]\]. Surely, it can be argued that the difference may be related to the mice age. As a result, more studies are needed to validate the antifibrotic effect of H~2~S in different animal models of hepatitis in the future.

2.3. H~2~S and Pulmonary Fibrosis {#sec2.3}
---------------------------------

H~2~S can also be produced by CBS and CSE in the lung \[[@B37]\]. The expression pattern of the three H~2~S-producing enzymes varies among different species and cell types. In bovine pulmonary tissues, CSE is predominantly expressed in vascular smooth muscle cells (SMCs), while CBS is mainly located in endothelial cells \[[@B38]\]. In murid animals, CSE is found in blood vessel as well as airway SMCs in rat lung tissues, but CBS and CSE are colocalized in arterial and airway SMCs, endothelial cells, and SMCs \[[@B39]\]. Both CBS and CSE have been detected in human airway SMCs and lung fibroblast MRC5 cells \[[@B40]\].

H~2~S affects various respiratory system diseases. Serum H~2~S levels are significantly lower in chronic obstructive pulmonary disease patients than in control subjects \[[@B41]\]. H~2~S inhibits chronic inflammation, airway, and vascular remodeling and thus exhibits therapeutic effects on asthma and pulmonary hypertension \[[@B42], [@B43]\]. More importantly, the antifibrotic effect of H~2~S on pulmonary fibrosis has been recently reported. The serum H~2~S levels were decreased in the rats treated with bleomycin on day 7, compared with controls, while CSE mRNA expression was increased on days 7 and 28 \[[@B11]\]. Intraperitoneal injections with NaHS at 1.4 *μ*mol/kg and 7 *μ*mol/kg twice a day significantly reduced the contents of hydroxyproline and malondialdehyde (MDA) in the lung, although the significance was not obtained between these two dosages of NaHS \[[@B11]\]. Consistently, an*in vitro* study showed that 100 *μ*mol/L H~2~S inhibited the proliferation, migration, and transdifferentiation of human lung fibroblast stimulated by fetal bovine serum \[[@B44]\].

2.4. H~2~S and Cardiac Fibrosis {#sec2.4}
-------------------------------

Adverse cardiac remolding is an important event that may eventually lead to chronic heart failure. Partial manifestation of cardiac remolding is the formation of interstitial fibrosis, featured by the activation of cardiac fibroblast associated with excessive formation of extracellular matrix within the myocardium. It is well known that the local RAAS is activated in chronic heart failure and plays an important role in cardiac remolding. Locally released angiotensin II is able to stimulate the proliferation of cardiac fibroblasts and increase the collagen production by activating the AT1 receptor \[[@B45]\]. Recent data suggests that aldosterone is also able to induce cardiac fibrosis by exhibiting proinflammatory effects and directly promoting the cardiac fibroblasts proliferation and collagen synthesis \[[@B46]\]. Although the production of cardiac renin is debatable, mast cells constitute a major source of renin after myocardial infarction, contributing to the formation of local angiotensin II \[[@B47]\].

H~2~S generation in the cardiovascular system is largely ascribed to CSE although CBS mRNA is detected in the tumoral tissue of the heart \[[@B48]\]. Similar to other organs, H~2~S is able to block cardiac fibrosis in various heart diseases. The first study on the association between cardiac fibrosis and H~2~S was presented by Shi et al., who demonstrated that exogenous administration of NaHS (10--90 *μ*mol/kg/day, i.p.) for three consecutive months markedly ameliorated the left ventricular remodeling and cardiac fibrosis in spontaneously hypertensive rat \[[@B49]\]. Similar results were obtained in streptozotocin-induced diabetic rats in which NaHS (14 *μ*mol/kg/day, i.p.) administration for 7 weeks attenuated the expressions of matrix metalloproteinase-2 (MMP-2), procollagen-1, and TGF-*β*1 in the left ventricle \[[@B50]\]. Moreover, administration with the same dose of NaHS (14 *μ*mol/kg/day, i.p.) for 14 days ameliorated collagen deposition in the left ventricle induced by abdominal aortic coarctation \[[@B51]\].

Recent evidence demonstrated that H~2~S exhibited antifibrotic effects in the heart by inhibiting the local RAAS. Exogenous H~2~S attenuated angiotensin II-induced hypertension, cardiac fibrosis, and oxidative stress in rats \[[@B52]\].*In vitro*study also confirmed the antiangiotensin II effect of H~2~S. For instance, NaHS (50--100 *μ*mol/L) inhibited the cardiac fibroblasts proliferation induced by 10% fetal bovine serum and angiotensin II \[[@B53]\]. Liu et al. reported that NaHS ameliorated isoproterenol-induced heart failure through the suppression of renin degranulation from cardiac mast cells \[[@B54]\]. As the renin level can be reduced by H~2~S, it is reasonable to hypothesize that H~2~S is able to decrease the aldosterone level in the heart. Future studies are needed to validate this hypothesis.

The effects of H~2~S on various cells associated with fibrosis are summarized in [Figure 1](#fig1){ref-type="fig"}.

3. Cellular and Molecular Mechanisms of the Antifibrotic Effects of H~2~S {#sec3}
=========================================================================

3.1. H~2~S Inhibits Myofibroblast Activation {#sec3.1}
--------------------------------------------

Myofibroblast activation and proliferation are two key cellular events of fibrosis \[[@B4]\]. Once activated by injury or chronic inflammation, the fibroblast deposits extracellular matrix protein such as fibronectin within the cell and secrets fibrogenic cytokines such as TGF-*β*1, which in turn contributes to fibroblast differentiation. Although the origin of myofibroblasts is still debatable, a recent study using fate map technology revealed multiple origins of renal myofibroblasts, with 50% from resident fibroblasts, 35% from bone marrow, 10% arising from the endothelial-to-mesenchymal transition, and 5% from the epithelial-to-mesenchymal transition \[[@B55]\].

A multitude of*in vitro*studies demonstrated that H~2~S reduced the proliferation and differentiation of fibroblasts in various types of organs. In the kidney, NaHS at 100 *μ*mol/L suppressed the fetal bovine serum stimulated fibroblast proliferation by reducing DNA synthesis and the expressions of proliferating cell nuclear antigen and c-Myc within the cells. NaHS also blocked TGF-*β*1-induced fibroblasts differentiation through inhibiting the phosphorylation of Smad3 and mitogen-activated protein kinases \[[@B13]\]. Similar results were obtained in pancreatic stellate cells. NaHS (12.5--500 *μ*mol/L) decreased the cell number in a dose-dependent manner and halted the cell cycle progression at the G0/G1 check-point \[[@B56]\]. NaHS also inhibited the pancreatic stellate cells migration stimulated by 10% fetal bovine serum \[[@B56]\]. Lastly, in human alveolar epithelial cells (A549 cells), H~2~S (100 *μ*mol/L) reversed the TGF-*β*1-induced epithelial-mesenchymal transition by suppressing the expression of E-cadherin and increasing the vimentin levels within the cells \[[@B57]\].

3.2. H~2~S Exhibits Antifibrotic Effect by Inhibiting Inflammation {#sec3.2}
------------------------------------------------------------------

Inflammation plays a crucial role in the development and progression of fibrosis. The damaged epithelial cells and platelets may produce various chemotactic factors which further recruit neutrophils and macrophages to the damaged tissues \[[@B58]\]. Infiltration of these myeloid cells functions as a two-edged sword on fibrosis. On one hand, these cells are important for wound healing as they eliminate fibrin clots and cellular debris in the sites of injury. On the other hand, they secrete a variety of inflammatory mediators that may damage the surrounding tissues. If not properly eliminated, neutrophils and macrophages are capable of augmenting the inflammatory responses and eventually result in the formation of permanent scars.

It has been well recognized that macrophage serves as the most important immune cells associated with fibrosis. UUO animal model revealed a large quantity of macrophage infiltration in the renal interstitium in the early stage (3 days) after injury \[[@B59]\]. Macrophage ablation considerably reduced the production of various growth factors including TGF-*β*1 in various clinical settings \[[@B60]\]. Recent studies show that macrophage phenotype transition is implicated in modulating inflammation and fibrosis \[[@B61]\]. Classically activated macrophage (M1) exhibits proinflammatory and death-promoting effects \[[@B61]\]. Activated M1 cells also express peroxisome proliferator-activated receptor-*α* (PPAR-*α*) and PPAR-*γ* whose inhibitors have been proved to inhibit fibrosis progression \[[@B62]\]. By contrast, alternatively activated macrophage (M2) that is induced by IL-4 exhibits anti-inflammatory effects and promotes cell survival and proliferation \[[@B61]\]. Activated M2 cells also express enzyme arginase-1 (Arg1), through which M2 cells compete with T~help~ cells and myofibroblasts for L-arginine, and affect the production of L-proline and collagen \[[@B63]\].

A large body of evidence confirms the anti-inflammation property of H~2~S in various types of cells and organs, except at the super physiological range of concentrations. We verified that lower doses of NaHS (0.1--1 *μ*mol/kg/day, i.p.) reduced the infiltration of CD68 positive cells and decreased the expression of inflammatory cytokines including IL-1*β*, TNF-*α*, and monocyte chemoattractant protein-1 in the renal cortex at seven days after UUO injury. In contrast, CSE inhibitor PAG and higher dose of NaHS (10 *μ*mol/kg/day, i.p.) increased the number of macrophage in the renal interstitium \[[@B13]\]. In line with this, another study showed that NaHS (10 *μ*mol/kg/day, i.p.) markedly reduced the serum levels of TNF-*α*, IL-1*β*, IL-6, and soluble intercellular adhesion molecule (ICAM)-1 in carbon tetrachloride (CCl4) induced cirrhosis rats \[[@B12]\]. Apart from supplementation with NaHS, the modulations of endogenous H~2~S level with pharmacologic and genetic approaches*in vitro*also support the anti-inflammatory action of H~2~S in macrophage and other related cells. For example, we found that raw264.7 macrophage expressed CSE, and CSE upregulation inhibited the macrophage activation and TNF-*α* generation caused by oxidized low density lipoprotein through the suppression of nuclear transcription factor-*κ*B (NF-*κ*B) as well as the mitogen-activated protein kinase including the ERK1/2 and JNK \[[@B64]\]. In addition, Du et al. also reported that CBS overexpression or NaHS supplement could promote rotenone-treated microglia (central nervous system resident macrophage) transition from M1 toward M2 phenotype \[[@B65]\]. Thus, all the data suggest that H~2~S and its synthesis enzyme may be involved in regulating macrophage activation and its phenotype transition.

Apart from macrophage, neutrophils also participate in inflammation of fibrotic diseases. Evidence shows that neutrophils are present in most forms of glomerulonephritis (GN) such as acute poststreptococcal GN, immunoglobulin A nephropathy, and lupus nephritis \[[@B66]\]. Except a few forms of GN, most GN will eventually progress into renal fibrosis. Once recruited to the injury sites, neutrophils are activated via phagocytosis of immune complex or bacteria, generate reactive oxygen species (ROS), and degranulate multiple cytotoxic proteins including cationic serine proteases. Emerging evidence demonstrates that lower dose of NaHS is capable of reducing neutrophils infiltration and the damage in pancreas and decreasing the serum levels of P-selectin, E-selectin, ICAM-1, and VCAM-1 \[[@B67]\]. In support of this, plasma H~2~S levels are negatively correlated with the number of neutrophil and eosinophil in inflamed lung and joint disease \[[@B68]\]. Taken together, the evidence highly suggests that H~2~S may also exhibit its antifibrotic effect by suppressing neutrophils infiltration.

3.3. H~2~S Inhibits Fibrosis via Regulating Redox Homeostasis {#sec3.3}
-------------------------------------------------------------

ROS play crucial roles in the activation and differentiation of myofibroblasts \[[@B69]\]. NADPH oxidase (NOX) is a primary source of ROS by catalyzing the electron transmission from NADPH to oxygen. Such an effect differentiates NOX from other oxidases such as xanthine oxidase, which produces ROS as a by-product of their primary function \[[@B70]\]. There are seven types of NOX, among which NOX1, NOX2, and NOX4 are expressed in both rodent and human kidneys. Numerous studies show that NOX is associated with fibrotic diseases. NOX expression in fibroblasts can be induced by a variety of cytokines including TGF-*β*1, angiotensin II, and PDGF \[[@B71]\]. It has been reported that NOX expression was higher in lung fibroblasts isolated from idiopathic pulmonary patients than controls, and the colocalization of NOX and *α*-SMA was observed in samples from autoimmune hepatitis \[[@B72]\].*In vivo*studies also confirm the association of NOX and fibrosis. The NOX inhibitor or knockdown with siRNA ameliorated the fibrosis progression in renal, pulmonary, and liver fibrosis \[[@B15], [@B73], [@B74]\].

In addition to ROS, reactive nitrogen species (RNS) are also implicated in fibroblast-to-myofibroblast differentiation. In mammal cells, NO is generated by NO synthases (NOS) with L-arginine and oxygen as the substrate and NADPH as the cofactor. NO stimulates guanylyl cyclase (GC) and catalyzes guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP), which subsequently regulates the cGMP-dependent kinases (PKG) and enhances the intracellular calcium level \[[@B75]\]. NO signaling is critical for maintaining fibroblast phenotype. It has been found that TGF-*β*1 significantly decreased the NOS expression/activity and NO production in the dermal fibroblast while the NOS inhibitor *N* ~*w*~-nitro-L-arginine methylester (L-NAME) enhanced the collagen contents within the cells. By contrast, the NO donor, sodium nitroprusside (SNP) inhibited the prostatic fibroblast differentiation into myofibroblast and L-arginine suppressed the TGF-*β*1-induced collagen production in dermal fibroblasts \[[@B76]\]. Consistently, the*in vivo* study also showed that NOS inhibition aggravated fibrosis in the kidney, heart, and penile \[[@B77]--[@B79]\].

Emerging data demonstrate that H~2~S acts as the scavenger of oxidant species. Notably, mammal cells have a high capacity of H~2~S oxidation in the mitochondria. The oxidation produces various products including persulfide, sulfite, thiosulfate (S~2~O~3~ ^2−^), and sulfate (SO~4~ ^2−^), most of which are excreted by the kidney in the form of sulfate \[[@B80]\].*In vitro*studies reveal that H~2~S donor (NaHS or Na~2~S) suppressed the protein oxidation caused by HOCl, ONOO^−^, and ^•^NO. Moreover, NaHS suppressed lipid oxidation and NOX activity. For example, NaHS reduced the MDA content in bleomycin-induced pulmonary fibrosis model, as well as the MDA formation in the lung tissue incubated with free radical-generating system*in vitro* \[[@B11]\]. In fact, H~2~S has been demonstrated to produce antioxidative effects in addition to acting as a direct ROS/RNS scavenger. For instance, Jung et al. reported that NaHS administration increased the expression/activity of catalase, copper-zinc superoxide dismutase, and manganese superoxide dismutase and also elevated the glutathione level in UUO animal model \[[@B81]\].

3.4. Energy-Sensing Molecules and H~2~S in Treating Fibrosis {#sec3.4}
------------------------------------------------------------

Adipose tissue has been viewed as a passive fat storage depot; however, recent data suggest that adipose tissue is the largest endocrine organ of the body \[[@B82]\]. It secretes numerous cytokines that are involved in various physiological and pathological processes such as energy and cell metabolism, inflammation, oxidative stress, and fibrosis as well. Among the cytokines, adiponectin and its downstream signaling such as 5′-AMP-activated protein kinase (AMPK) have been highlighted in fibrotic diseases \[[@B82]\]. Classically, AMPK is activated when the cellular ATP is depleted under low caloric circumstances. Recently, mounting evidence shows that AMPK not only acts as an energy sensor, but also regulates redox signals. It is thus implicated in various pathological processes, such as neurodegeneration, cancer, and fibrosis. For example, acting through the AMPK pathway, adiponectin administration normalized the albuminuria and improved the podocyte function in adiponectin knockout mice \[[@B83]\]. Furthermore, AMPK activation with AICAR (5-aminoimidazole-4-carboxamide ribonucleotide) considerably reduced the mesangial matrix production and the urinary TGF-*β*1 levels \[[@B84]\]. AMPK activation also regulated the lipid accumulation and alleviated the kidney fibrosis induced by high fat diet \[[@B85], [@B86]\].

The metabolic inhibition property of H~2~S has been recently reported both*in vivo*and*in vitro*. It has been found that inhaled H~2~S induced a hibernation-like state in mice whose production of carbon dioxide and oxygen consumption were decreased approximately 90%. The core body temperature of the animal also reduced to the ambient temperature and their heart rates were relatively lower than the controls \[[@B86]\]. Exposure to various concentrations of NaHS reduced mitochondria membrane potential in renal proximal tubular cells (NRK52e) \[[@B87]\]. The mechanisms of the hypometabolism-inducing effect of H~2~S are not well classified. One hypothesis is that H~2~S inhibits cytochrome c oxidase and ATP generation and thus activates AMPK. We recently demonstrated that H~2~S activated AMPK in a calmodulin-dependent protein kinase kinase *β* (CaMKK*β*) manner, which is critical for the anti-inflammatory actions of H~2~S in the brain \[[@B88]\]. Similarly, a recent study reported that NaHS stimulated and restored AMPK phosphorylation which was reduced by high glucose in renal glomerular epithelial cells \[[@B89]\]. Other molecules may also be involved in the hypometabolism-inducing effect of H~2~S. For instance, sirtuin family members are important energy-related molecules as well as the downstream signal molecules of AMPK \[[@B90]\]. Sirtuins are mainly activated by calorie restriction and the deficiency of sirtuin perpetuates renal fibrosis and aging process \[[@B91], [@B92]\]. Recent data suggests that H~2~S increases the activity of sirtuin 1 induced by aging in human umbilical vein endothelial cell \[[@B93]\]. Therefore, H~2~S may produce antifibrotic effects by acting on the energy-sensing molecules.

The antifibrotic mechanisms of hydrogen sulfide are presented in [Figure 2](#fig2){ref-type="fig"}.

4. Limitations and Perspectives {#sec4}
===============================

Although the antifibrotic property of H~2~S has been demonstrated in various animal models, current evidence mainly comes from the studies with the administration of exogenous H~2~S donor NaHS and Na~2~S in treating animal models of fibrotic diseases. The effect of endogenous H~2~S with genetically modified animals on organ fibrosis is still limited. The use of heterozygous *cbs* ^+/−^ mice with unilateral nephrectomy reveals the role of endogenous H~2~S in renal fibrosis, but its function in liver fibrosis is not confirmed \[[@B20], [@B36]\]. As the expression of CBS or CSE was reported to decrease in fibrotic diseases, the use of animals with overexpression of H~2~S-producing enzymes is needed in studying the effect of H~2~S on organ fibrosis. A transgenic mouse with CSE overexpression in the heart has been established and may be helpful in addressing the therapeutic effect of H~2~S on cardiac fibrosis in the future \[[@B94]\]. Recently, the intermediate-conductance Ca^2+^-activated K^+^ channel (K~Ca~3.1) has been proposed as the "switch" molecule of fibrotic disease because it regulates the proliferation, migration, and differentiation of renal and pulmonary fibrosis-producing cells \[[@B95]--[@B97]\]. Mouse with genetic mutation K~Ca~3.1 also confirms the antifibrotic effect of this ion channel in renal fibrosis \[[@B98]\]. As H~2~S is able to inhibit the big conductance of Ca^2+^-activated K^+^ channel (BK~Ca~) \[[@B99]\], it is interesting to further explore whether or not the antifibrotic effect of H~2~S correlates with the inhibition of K~Ca~3.1 ion channel.

Another limitation of the current studies is the difference in applied dose range of NaHS in combating fibrosis because the toxicity of H~2~S is always a concern. Lower doses of NaHS (1--10 *μ*mol/kg/day, i.p.) seem to be more effective in inhibiting renal, pulmonary, and liver fibrosis \[[@B11]--[@B13]\], but higher doses of NaHS (30 *μ*mol/kg/day, i.p.) are required for reversing the cardiac fibrosis in spontaneously hypertensive rats \[[@B49]\]. As the plasma H~2~S level in mammal tissues is still debatable, varying from 0.15 to 300 *μ*mol/L, due to the different measurements \[[@B100], [@B101]\], it is difficult to answer which dose of NaHS is mimicking the physiological relevance of H~2~S in animal tissues. Therefore, the development of fast, selective, and efficient detection method for sulfide monitoring is required for the booming research field of H~2~S biology.

Last but not least, the development of proper H~2~S-releasing agents is required to treat fibrotic diseases in a controlled way. GYY4137 and SG1002 are two orally administrated H~2~S-releasing compounds that have been proven to be beneficial in various diseases such as diabetes, hepatocellular carcinoma, and chronic heart failure \[[@B102]--[@B104]\]; however, their effects on fibrotic diseases have not been determined. More researches are therefore needed to explore the effectiveness of these and other similar agents on various fibrotic diseases.
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![The effects of H~2~S on various cells associated with fibrosis. H~2~S inhibits neutrophil infiltration and macrophage activation during the inflammation response. H~2~S inhibits fibroblast proliferation and differentiation to myofibroblasts. In epithelial cells, H~2~S inhibits the epithelial-mesenchymal transition (EMT) process induced by various insults and cytokines. ECM: extracellular matrix.](OMCL2015-458720.001){#fig1}

![The schematic summarization for the signaling mechanisms of the antifibrotic effects of H~2~S. (a) H~2~S inhibits LPS-induced inflammation through the Toll-like receptor-NF *κ*B signal transduction. (b) H~2~S ablates the activation of TGF-*β*1 and MAPK kinases pathway. (c) H~2~S regulates redox production by inhibiting the expression/activity of NOX4 in addition to direct reaction with some reactive oxygen species (ROS). Lastly, H~2~S is able to modulate cellular metabolism and homeostasis by activating AMPK and sirtuin 1.](OMCL2015-458720.002){#fig2}
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